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ABSTRACT

An experimental study has been conducted to determine
the equilibrium behavior of the system Bi-S-Hg.

The system

was studied by equilibrating Hg-HgS gas mixtures with Bi(l)BigSgis) two-phase mixtures at temperatures of 500°, 600°,
700° and 750°C in a circulating type equilibrium apparatus.
The equilibrium gas mixtures were analyzed by a Fisher Gas
Partitioner with a reproducibility of approximately 0.06 %.
A linear free energy equation has been derived from
the results with an average deviation of i 1 Kcal.

This

deviation is well within the accepted experimental accuracy
for free energy data.
The linear free energy equation for the reaction,
Ri2Sg(s) + 3 H 2(g) = 2 Bi( 1) + 3 H 2S(g)
was calculated

to be,

A F° » 20,800 - 32.8 T i 1 Kcal
The activity of sulfur in liquid bismuth-sulfur alloys
has been determined by analyzing the alloys which were
equilibrated with H 0-H2S gas mixtures at temperatures of
500°, 600°, 700° and 750°C.
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I

INTRODUCTION
Statement of the problem.

The purpose of this

experimental investigation was to make a thermodynamic study
of the Bi-S-Hg system by means of equilibrium measurements.
The study was limited to a temperature range from 500°C to
750°C.

The lower temperature limit of 500°C was set by slow

reaction rates, and the temperature limit of 750°C was set
by the high magnitude of the sulfur and bismuth vapor press
ures.

The system beyond 60 atom per cent sulfur (Bi2Sg) was

not studied because of the anticipated high sulfur vapor
pressures.

Consequently, the study involved two reactions;

Bi2S3(s) + 3 H 2(g) = 2 Bi(1) + 3 H 2S(g)
and

H 2S(g) = S (dissolved in liquid bismuth) + H 2(g)

The first reaction was studied by circulating hydrogen gas
over a two-phase mixture of Bi0Sr,(s) and Bi(l) until an
c

O

equilibrium mixture of Hg and H 0S was formed.

The second

reaction was studied by circulating a mixture of Hg and H^S
of known composition over liquid bismuth until equilibrium
was attained between the gas and condensed phase, thus
yielding a bismuth-sulfur alloy.
Importance of the study.

In reducing impurities in

metals to low concentration, it is the final stages which
are the most difficult.

It is, therefore, important to

understand how the chemical potential (or activity) of a

solute varies as its concentration is progressively lowered.
From the standpoint of removing sulfur from bismuth, sulfur
activity data are required in order to accurately predict th
feasibility of new refining processes or to modify existing
processes.
After this binary study has been completed, it will
then be possible to determine the effect of other impurities
in bismuth on the removal of sulfur.

For example, it has

been shown that the activity of sulfur in liquid copper is
greatly increased by Pt, Au, and Si, and decreased by Co, Ni
and Fe.

Consequently,

Pt, Au, and Si as impurities will

facilitate the removal of sulfur from copper ("salting-out'1
effect) while Co, N i , and Fe will hinder sulfur removal.
Free energy data for the hydrogen reduction of BigSg
are valuable from the standpoint of predicting new processes
involving the reduction of BigSg.

For example, from a

knowledge of the sulfur potential for a two-phase mixture
of BigSg and Bi, it is possible to quantitatively determine
the feasibility of selectively reducing BigSg present in a
mixture of other sulfides.

CHAPTER

II

REVIEW OF THE LITERATURE
The earliest reported thermodynamic study of the syst
Bi-S-Hg was that of Jellinek and Zakovski^ (1925).

Later
p
investigations were conducted by Britzke and Kapustinski
(1931), by Schenck and Forst^ (1939), and by Kelley^ (1936).
Jellinek and Zakovski^ investigated the sulfur

pressure of bismuth sulfide, which was obtained by combining
measurements of the equilibrium,
B i 2S3 + 3 H 9 = 2 Bi + 3 HgS
with those of the dissociation,
2 H,S : 2 H 2 + S2
They used a kinetic method, where a measured flow of Hg was
passed over boats of ^ 2 ^ 3 :'"n an e^ec^r:*-c furnace, and out
through a thick walled porcelain capillary.

The Hg was

collected in a gasometer and the HgS was absorbed in
standard NaOH.

Several different flow rates were used at

each temperature, and the H^S/Hg ratio was extrapolated to
zero flow rate.
Britzke and Kapustinski

2

investigated the system with

a flow method similar to the method used by Jellinek and
Zakovski.

By combining their data for the equilibrium

constant in the sulfide reaction with those in the literatur
for the dissociation of HgS, the partial pressure of sulfur
over LigSg was calculated.

4
Schenck and Forst
450°C and 500°C.

3

o
investigated the system at 400 C,

The equilibrium gas mixture, characterized

by a definite HgS/Hg ratio, was measured for the system as a
function of temperature.
The results of these investigations were reviewed
and systematically evaluated by Kelley .

According to

Kelley, the results of these investigations showed a wide
divergence, and the data of Schenck and Forst appeared to
be the most reliable.
Recently, the system has been investigated by
£
Cubicciotti
(1962).
In this investigation, the pressure
of Sg in equilibrium with Bi-S solutions were detected at
705°C, 740°C and 800°C by a transpiration method for low
pressures and a dew point method for high pressures.
The results of all of these previous investigations
are listed in Table I and illustrayed in Figure 1.

The

equilibrium HgS/ Hg ratios for the reaction,
Bi2S3 + 3 H 2 = 2 Bi + 3 H 2S
are recorded as a function of temperature.
The results of Schenck and Cubicciotti were
extrapolated graphically to cover the temperature range of
this study.
Figure 1.

These results are shown as broken lines on
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TABLE

I

PREVIOUS DETERMINATIONS OF THE EQUILIBRIUM
H 2S/H2 RATIOS FOR THE REACTION
P,i2Sg + 3 H 2 - 2 Bi + 3 H 2S

Investigator

Temperature (°C)

H 23/H2

Jellinek

515

2.7

Britzke

414

0.29

510

1.9

609

6.0

723

7.6

400

1.45

450

2.15

500

2.94

400

1.36

450

1.99

500

2.7

456

2. 25

507

3.44

556

4.85

606

6.85

656

10.54

705

18.33

740

22.2

Schenck(Altere)

Schenck

Kelley

Cubicciotti
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THE APPARATUS AND EXPERIMENTAL PROCEDURES
The experimental technique used in this equilibrium
study consisted of (1) equilibrating HgS/Hg gas mixtures
with the condensed phase(s) in a circulating type equilibrium
apparatus, and (2) analyzing equilibrium gas mixtures with
a gas partitioner.
I. THE APPARATUS
The apparatus used in this study consisted of the
equilibrium apparatus and the gas analyzing apparatus.
The equilibrium apparatus.

The equilibrium apparatus

is illustrated photographically in Figure 2 and schematically
in Figure 3.

This apparatus consisted of two sub-systems;

the hydrogen purification system and the equilibrium system.
The hydrogen used was an electrolytic grade, 99.8 %
minimum pirity, from the Matheson Company Inc.

In order to

remove oxygen or moisture which have been present in the
hydrogen the gas was passed through copper gauze which was
heated to 500°C in the purification furnace, passed through
a magnesium-perchlorate drying tube, and finally introduced
into the system.
The equilibrium system was composed of the following:
(l) a 1" I.D. x 40” Vycor glass reaction tube with 29/42
conical joints, (2) a gas sampling tube, (3) a gas

10
circulation pump, and (4) a magnesium-perchlorate drying
chamber.

The various parts of the system were connected

with 9 mm O.D. Pyrex glass tubing, 18/9 ball joints, and
2 mm bore stopcocks, so that an all-glass circuit would be
provided for the circulating gas mixture.
The gas circulating pump is illustrated photographically
in Figure 4.

The pump was a two-stroke, double-acting,

piston type constructed of Pyrex glass.

An iron rod was

sealed inside the plastic connecting rod of the plastic
piston and permitted the use of two solenoid coils to drive
the piston back and forth.

Each of the four pump valves

was composed of a small circular glass disc resting on the
ground end of a short piece of 2 mm bore Pyrex capillary
tubing (8 mm O.D.).

These pieces of capillary tubing were

sealed within the 10 mm O.D.

Pyrex tubing network of the

pump body.
A Minneapolis-Honeywell Pyr-O-Vane control unit was
used for the temperature control of each furnace.

Two

Chromel-Alumel thermocouples were used for each furnace.
One was used for temperature control and the other was
connected to a potentiometer for temperature measurement.
Both thermocouple hot junctions were located outside and
adjacent to the Vycor reaction tube at the thermal center
of the furnace.

The measuring thermocouple was calibrated

initially with a thermocouple placed inside the reaction
tube.

Also, the zone of constant temerature was determined

11
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to be of sufficient length to extend over the length of the
boat containing the sulfide reaction mixture.
The two furnaces were spaced three inches apart, and
a small blower fan was placed between the furnaces to prevent
the migration of metal or sulfide vapor from one furnace to
another.

The resistance-heated, multiple unit, hinged

furnaces were manufactured by the Hevi-Duty Electric
Corporation, Type 70.
The gas analyzing apparatus.

The gas analyzing

apparatus, Gas Partitioner Model 25V, manufactured by Fisher
Scientific Company, with the accessory chart recorder is
depicted photographically in Figure 5, and

schematically

in Figure 6.
Helium gas was used to transport the gas sample
mixture through the chromatographic columns for HgS detection
The coefficient of thermal conductivity of H£S is approximate

g
ly 1/10 of that of helium

and, hence, permits accurate

detection of HgS by the thermistor detectors.
Chromatograohic column #2 was filled with butyl-phthalate
on FisherColumpak T.

Chromatographic column #1 was a 30"

length of empty aluminum tubing.
In the detection system used in the Gas Partitioner,
sensitive thermistors were used to detect very slight changes
in thermal conductivity, and hence in the composition, of the
gas stream passing over them.

The resulting imbalance in an

electrical bridge circuit produced a signal which was

13
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recorded as a deflection or peak on a chromatogram (chart
record).
The flow rate of the carrier gas, measured by a
calibrated manometer-type flow meter, was set at 80 ml/min
and carefully reproduced for all analysis.
The order of elution, retention time, and detecting
thermistor which measures the electrical imbalance for the
column system used in this investigation are as follows.

Peak

Order
1

Retention
Time

Detecting
Thermistor

0.4 min.

1

0.8 min.

2

1.2 min.

2

H 2-H 2S

2

H2

3

h

2s

II. EXPERIMENTAL PROCEDURES

Bismuth trisulfide was prepared first in a reaction
tube maintained at 400°C, in which a weighed amount of pure
Bi, 99.98

obtained from the Fisher Scientific Co., and

sulfur were reacted.

Inert argon gas was passed through

the reaction tube to prevent oxidation by air.

The sulfide

produced was finely ground in a mortar, placed in a small
refractory boat, and heated to 600°C in a tube furnace in
an atmosphere of f^S.
homogeneous product.
X-ray diffraction.

This HgS treatment insured a more
The sulfide produced was analyzed by

These X-ray diffraction patterns showed

BigSg and a small amount of Bi.
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The procedure used for the study of the
Bi2S3 (s) + 3 H 2(g) = 2 Bi(l) + 3 H 2S(g)
equilibrium was as follows.

Twenty grams of the finely

ground Bi-BigSg mixture were placed in a small alundum boat.
The boat was positioned in the Vycor reaction tube.

After

the system was sealed, it was evacuated and flushed with
hydrogen five times.

The system was then filled with

hydrogen under a slight positive pressure.

The furnace was

then heated to the desired experimental temperature while
the hydrogen was maintained at a slightly positive pressure
with a pressure-relief bubbler.

After the desired temp

erature was attained, the pressure-relief bubbler was
closed, and the circulating pump was switched on.
Sample (0.5 cc) of the gas mixture were taken period
ically to determine the approach to equilibrium.

It was

found that 48, 24, 12 and 6 hours were sufficient to attain
equilibrium at 500°C, 600°C, 700°C and 750°C respectively.
Nevertheless, gas analyses were made for extended periods
of from 5 to 10 hours.
The gas mixture was circulated at a rate of approxi
mately 100 cc/min.

It was found that circulation rates

from 280 to 80 cc/min had no effect on the attainment of
equilibrium.

Since bismuth is relatively valatile, a

relatively slow circulation rate was used to minimize the
transport of bismuth vapor.
After the gas mixture attained equilibrium, the
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furnace temperature was changed and equilibrium was establish
ed at this new temperature.

This procedure was followed at

temperatures of 500°C, 600°C, 700°C and 750°C.

After a

series of measurements were made, the furnace power was
switched off and cooled by opening the hinged top section.
The sulfide charge was then examined for a two-phase mixture
of Pi and RigS^ by X-ray diffraction.
The procedure used for the study of the
H 2 S(g) - S (dissolved in liquid Bi) 4 H 2
equilibrium was similar to the other procedure described
above.

In this procedure, however, pure Bi was charged in

one furnace and a Ag-AggS mixture was charged in the other
furnace.

The temperature of the furnaces were individually

controlled.

The purpose of the Ag-AggS mixture was to

provide a Hg-HgS &as rnix't,ure of known and constant composition
after reaction with hydrogen which initially filled the
system.

Samples of the gas mixture were taken until equili

brium was definitely established.

The power to the furnace

was then switched off and the furnaces were rapidly cooled
by opening the hinged top section.
The boat containing the Bi-S alloy was removed and
the alloy was chemically analyzed.
used is described in Appendix III.

The analytical technique

CHAPTER
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EXPERIMENTAL RESULTS

The experimental data for the reaction,
Bi2Sg(s) + 3 H 2(g) = 2 B i (1) + 3 HgSfg)
are listed in Table II and plotted in Figure 7.

The equili

brium gas analysis in Table II are given as volume per cent
HgS as well as HgS/Hg ratios at the experimental temperature
of 500°C, 600°C, 700°C and 750°C.

Schenck's data are also

plotted and extrapolated in Figure 7 for the purpose of
comparison with the present study.
The experimental data for the reaction,
H 2S(g) = S (dissolved in liquid Ri) + H 2(g)
are listed in Table III.
consist of:

The data presented in Table III

(1) The temperature of the furnace containing

the Ag-Ag2S mixture,

(2) The measured H 2S/H2 ratio in the

system at equilibrium, (3) The temperature of the furnace
containing the liquid bismuth-sulfur alloy, and (4) The
sulfur analysis of the liquid bismuth-sulfur alloy.
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TABLE II

EQUILIBRIUM DATA FOR THE REACTION
Bi2S3 (s) + 3 H 2(g) = 2 Bi(l) + 3 H 2S(g)

Run No.

Temp.

(°C)

* H 2S

h

2 s /h 2

1

500

73.21

2.73

2

600

82.43

4.69

3

700

86.77

6.56

4

750

89.15

8.22

5

500

72.43

2.63

6

600

81.34

4.36

7

700

86.77

6.56

8

750

88.94

8.04

20
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TABLE III

EQUILIBRIUM DATA FOR THE REACTION
HgS(g) s S (dissolved in liquid Bi) + Hg(g)

Run No. Ag-AggS Temp°C h 2s /h 2

Bi Temp°C Atom io Sulfur

1

500

0.28

500

4.1

2

500

0.23

600

10.8

3

500

0.26

700

16.7

4

500

0.28

750

30. 5

5

600

0. 29

500

6.4

6

COO

0.28

600

12.5

7

600

0.29

700

28.1

8

600

0.27

750

23.1

9

700

0.27

500

3.5

10

700

0. 27

600

10. 2

11

700

0. 26

700

21.2

12

700

0. 28

750

24.3

13

800

0.25

500

2.4

14

800

0.26

600

7. 2

15

800

0.25

700

22. 2

ie

800

0.26

750

26.1
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CALCULATIONS AND DISCUSSION

The equilibrium constant for the reaction,
Bi2S3(s) + 3 H 2(g) = 2 Bi(l) + 3 H 2S(g)
can be expressed, as;

If it is assumed that HgS and H 2 have ideal behavior, both
individually and as a mixture, then their activities are
equal to their partial pressures.

This equality is based

on the convention that the standard state of a gas is the
pure gas at 1 atmospheric pressure.

Consequently, the

equilibrium constant can then be expressed as,

If it is assumed that BigSg is pure, then BigSg can be
assigned an activity of unity by choosing pure B i 0Sg as a
standard state.

The choice of a standard state for liquid

bismuth is more difficult since for this equilibrium a
liquid bismuth-sulfur alloy is formed.

Furthermore, the

composition of this alloy is a function of temperature
(See Appendix II).

Consequently, as an approximation it

will be assumed that the activity of bismuth in this alloy
does not change appreciably with temperature, also this
alloy will be chosen as a standard state of unit activity
for bismuth.
Thus, the equilibrium constant can be expressed
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simply as

Ke<!= <PH2S/t ’H2>3
Since the gas mixtures were analyzed at room temp
erature,

the measured HgS/Hg ratios are not the true equili

brium values.

When the gas mixture cools after leaving the

hot zone of the system, hydrogen will react with sulfur
vapor to form HgS according to the reaction,
H 2 (g) + 1/2 S2 (g) = H 2S(g)
Therefore, the correct equilibrium H^S/Hg ratios had to be
calculated from the observed ratios.
From a series of arbitrarily chosen values for the
gas ratio in the hot zone, called (H9S/H9)corr., the increase
of the HgS/lIg ratio upon cooling to 25° C has been calculated,
called (HgS/H^obs.

The difference,

A H g S / H g in the relation,

A H 0S/H 2 = (H9S/H9)obs. - (H9S/H2) corr.
has been plotted graphically versus (H2S/H9)obs. , and is
shown in Figure 8 for temperatures of 500°C, 600°C, 700°C
and 750°C.

From these curves, the corrected H 9S/H2 ratios

were obtained,

and the results are tabulated in Table IV.

The average values of the corrected H 2S/H2 ratios and the
standard free energy change for the reaction at each temp
erature are given in Table V.
A standard linear free energy equation was derived
from the corrected data using the method of least squares,
and the resulting equation is,
A F j = 20,300 - 32.8 T

25

TABLE IV

26

with an estimated accuracy of ± 1 Kcal.

This equation is

plotted in Figure 9 with the ± 1 Kcal error indicated by
dotted

lines.
The activity of sulfur in liquid bismuth-sulfur alloys

has been calculated from the data in Table III.

For these

calculations the standard state of sulfur was chosen as
pure liquid

sulfur at the temperature of the alloy.

Consequently,

the activity of sulfur is defined as;

aS = PS (alloy)/?g (liquid sulfur)
7

The following data were used for these calculations.
H 2(g) + 1/2 S2(g) = H 2S(g)
A F° = -20,105 +3.6 25TlogT -0.605T
S( 1) , 1/2 S2(g)

log pc (mm Hg) . -6975xT-1 -1.531og T -1.0xl0“ 3T +16.22

b2
The sulfur activity data are given in Table VI, averaged
values are given in parentheses.
Due to the experimental difficulties encountered in
the chemical analysis of these alloys, the composition of
these alloys could not be determined accurately.
Consequently, a detailed analysis of these data are not
warranted.

However,

from the averaged values given in

Table VI, it can be observed that sulfur in bismuth exhibits
a very large negative deviation from Raoult's law.

27
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TABLE VI

ACTIVITY OF SULFUR IN
LIQUID BISMUTH-SULFUR ALLOYS

Run No. Temp. (°C)

Activity
Sulfur
Atom Fraction
Activity
Coeff.
Sulfur
P=. (mm Hg)
a2

1

500

0.0000056

0.041

0.000224

0.0054

5

500

0.0000057

0.064

0.000226

0.0035

9

500

0.0000051

0.035

0.000212

0.0060

13

500

0.0000042

0.0 24

0.000195

0.0081

(0.041)

(0.000214)(0.0052)

2

600

0.000136

0.108

0.000435

0.0040

6

600

0.000131

0.125

0.000427

0.0034

10

600

0.000109

0.10 2

0.000404

0.0039

14

600

0.000107

0.072

0.000385

0.0058

(0.102)

(0.000413)(0.0041)

3

700

0.00143

0.167

0.000675

0.0040

7

700

0.00184

0.231

0.000757

0.0027

11

700

0.00146

0.212

0.000673

0.0032

15

700

0.00134

0.222

0.000645

0.0029

(0.221)

(0.000688)(0.0031)

4

750

0.0080

0.305

0.001204

0.0039

8

750

0.00707

0.231

0.00113

0.0040

12

750

0.0075

0.24 3

0.001165

0.0048

16

750

0.0065

0.261

0.001085

0.0042

(0.273)

(0.001156)(0.0042)
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SUMMARY AND CONCLUSIONS

A thermodynamic study of the system Bi-S-Hg,
involving the reaction,
B i 2S^(s) + 3 Hg( g) = 2 Bi( 1) + 3 H 2S(g)
and

HgS(g) - S (dissolved in liquid Bi) + H 0(g)

was conducted by means of equilibrium measurements.
The first reaction was studied by circulating hydrogen
gas over a two-phase mixture of BigSg(s) and Bi(l) at 500°C,
600°C, 700°C and

750°C until an equilibrium mixture of Hg

and HpS was formed.

The equilibrium gas mixtures were

analyzed by a Fisher Gas Partitioner with a reproducibility
of approximately 0.06

While the results of previous

investigations have shown wide divergence, the result of
this study compare favorably with Schenck's investigation.
The linear free energy equation derived from the results of
this study for the reaction,
BigSg(s) + 3 Hg(g) = 2 Bi(1) + 3 HgS(g)
was calculated

to be,

A F ° = 20,800 - 32.8 T ± 1 Kcal
The excellent reproducibility of the experimental results
is evidenced by the accurate analysis of the gas mixtures
by the Gas Partitioner.
The second reaction was studied by circulating a
mixture of Hg and HgS of known composition over liquid
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bismuth until equilibrium was attained between the gas and
condensed phase.

The alloys equilibrated with

gas

mixtures at temperatures of 500°C, 600°C, 700°C and 750°C
were chemically analyzed for sulfur content and the
activity of sulfur in these liquid bismuth-sulfur alloys
were determined.
of the order of 10

The activity of sulfur calculated was
-4

with activity coefficients ranging

between 0.003 and 0.006.

Due to the experimental difficulties

encountered in the chemical analysis of the alloys, the
composition of the alloys could not be determined accurately.
It was observed, however, that sulfur in bismuth exhibits a
very large negative deviation from Raoult's law.
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APPENDICES

APPENDIX I
GAS PARTITIONER CALIBRATION FOR
HYDROGEN-SULFIDE ANALYSIS
I.

Instrument and Settings
A. Gas Partitioner
Fisher Gas Partitioner Model 25V
Column #1: 30" Empty Aluminum Tube
Column #2: 5* Butyl-Phthalate on 40-60 mesh
Colurapak T
Carrier Gas: Helium
Flow Rate: 80 ml/min
Cell Current:

7 m.a.

Sensitivity: Varied as shown
B. Recorder
"Servo/Riter" Integrating Recorder mfd. by Texas
Instrument Inc.
Gain Control:

Signal; 60
Integrator; 40

C. Thermal Stabilizer
Fisher Thermal Stabilizer for Gas Partitioner
Temperature Set: 30°C
D. Notes
1. The column system for H^S analysis suggested by
the manufacturer was 5* of 10$ butyl-phthalate on
40-60 mesh Columpak T in column #1 position,
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APPENDIX I (continued)

12’ of hexametyl-phosphoramide (HMPA) on 60-80 mesh
Coiumpak in column #2 position.

A typical chromato

gram is reproduced in Figure 10 for this system.
As can be seen from this chromatogram, the H^S peak
from Detector #1 is overlapped by the
Detector #2.

peak from

The height and area of the HgS peak

is thus affected by the Hg peak and is undesirable
from an analysis standpoint.
A more satisfactory column system was found to be
30" of empty aluminum tubing in column #1 position,
and 5* of 10# butyl-phthalate on 40-60 mesh
Coiumpak T in column #2 position.
chromatogram is reproduced

A typical

in Figure 11.

As can be

seen from this chromatogram, the Hg peak is suffi
ciently separated from the HgS peak.

Consequently,

this system was used for all analyses in this
investigation.
2. The cell current was recommended as 5 ma. when
helium is used as a carrier gas.
of increasing sensitivity,

For the purpose

the cell current was

increased to 7 ma.
3. A

1 cc or 0.5 cc gas sample was introduced into

the system by a hypodermic syringe injection
method.
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APPENDIX I (continued)

II.

Calibration for less than 60

HgS

A. Result of the calibration
The HgS peak height and corresponding integrated area
value recorded on the chromatogram for 0.098^ and
10.2# HgS standard samples were obtained.

The values

obtained together with the mean values are shown in
Table VII and VIII.
B. Evaluation of the results
The average peak heights and the corresponding integ
rated area values are tabulated in Table IX. Referring
to the ratio between 0.098 and 10.2

HgS for the peak

heights and integrated area values, a better linear
relationship through the origin for a peak height
calibration is expected than for an integrated area
calibration.

Considerable error in the integrated

values would be expected due to the uncertain separa
tion of the peaks, that is, the slight overlap of the
HgS peak with the preceding Hg peak.

Assuming the

calibration curve will pass through the origin, the
slope of the calibration curves calculated using the
peak height values and the integrated area values for
a unit per cent HgS were calculated and are shown in
Table X.
C. Summary of the results
A peak height calibration was considered as being more
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TABLE VII
THE PEAK HEIGHT AND INTEGRATED VALUE FOR 0.098 %
HgS SAMPLE WITH SENSITIVITY OF 100, 1.0 CC SAMPLE
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APPENDIX I (continued)

TABLE VIII

THE PEAK HEIGHT AND INTEGRATED VALUE FOR 10.2 %
H 2S SAMPLE WITH SENSITIVITY OF 10, 1.0 CC SAMPLE *

*

Adjusted Mean Value
For the 10.2 $ sample calibration, a sensitivity
of 10 % was applied in order to obtain a maximum
peak height within the chart scale, and consequ
ently, the values obtained were multiplied by 10
to obtain the values equivalent to 100 sensitivity.
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TABLE IX

THE AVERAGE PEAK HEIGHT AND INTEGRATED VALUES

TABLE X

THE SLOPE (CHART UNITS/# HgS) OF THE CALIBRATION CURVE
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APPENDIX I (continued)

reliable than a calibration using the integrated area
values, the calculation of $ HgS from its peak height
is, then,
100
Peak Height
^
„
Sensitivity x ---532.73 " = * H 2S
The maximum $ HgS

can be chromatogrammed without

exceeding the chart scale at the lowest sensitivity was
determined to be 60.

Consequently, a gas mixture up to

60 $ HgS can be detected with 1 cc of gas sample.

III.

Calibration for more than 60 $ HgS
Several variables to decrease a peak height could be con
sidered, such as, reducing the cell current, readjusting
of the flow rate of the carrier gas, readjusting the
"calibration” control inside the recorder, and/or reducing
the volume of sample.

It was found that of the variables

listed above only the reduction in volume of the gas
sample gave satisfactory results.

Therefore the volume

of the gas sample was reduced to 0.5 cc instead of 1 cc
used in the previous calibration.
A. Results of the calibration
The HgS peak heights were recorded on the chromato
grams for a 10.2 $ H 2S standard sample and 99.5 %
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APPENDIX I (continued)

TABLE XI

THE PEAK HEIGHT WITH 0.5 CC SAMPLE

10.2 % H„S
99.5 % (minimum) H 2 S
(with sensitivity 10) (with sensitivity 2)*
Run No.

Peak H t

Peak Ht.

1

463

928

2

464

925

3

467

926

4

464

925

5

468

928

465. 2

926.4 ± 1.5

Mean Value
*

93.04 ± 0.43

Slope of
Calibration Curve

*

9.13

9.31

Adjusted Mean Value
For the 10.2 $ calibration, a sensitivity of 10 %
was applied in order to obtain a maximum peak
height within the chart scale; consequently, the
values obtained were divided by 5 to obtain the
values equivalent to 2 % sensitivity.
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B. Evaluation of the results
Assuming the calibration curve will pass through the
origin, the slope of the calibration curve for each
average peak height was calculated as 9.13 and 9.31
for 10.2 % and 99.5 % HgS, respectively.

A mean value

of the slopes, 9.22, was then assumed to be the
slope of the calibration curve.
C. Summary of the results
The calculation of % HgS from its peak height is, then,
Peak Height
„
9.22
* * H 2S
The sensitivity setting for this calibration is 2 %>,
Peak heights obtained for higher sensitivity settings
should be converted to the value equivalent to the
peak height obtained with a 2 % sensitivity setting.

IV.

Conclusions.
An analysis of a 1 cc gas sample containing less than
60 % HgS can be calibrated from the HgS peak height from
the following relationship,

The analysis of 0.5 cc gas sample containing more than

60% HgS can be calibrated from the HgS peak height from
the following relationship,

% HgS - P,e & 9

(2 # sensitivity sett
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The calibration curves for both ranges are shown in
Figure 12.
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APPENDIX II

A phase diagram of the system Bi-S, according to
g

Cubicciotti , is shown in Figure 13.

0>

47

A P P E N D I X III

DETERMINATION OP BISMUTH
ln
TITRIMETRIC, PEN N Y ’S METHODAU

The Bi-S alloy, weighing 0.3 to 0.5 gram, was treated
with 25 ml of solution containing 3 gram of anhydrated ferric
chloride and 6 ml of concentrated hydrochloric acid.

The

ferrous salt thus formed
Bi 4 3 FeClg s BiClg 4 3 FeClg
was titrated, after the alloy was dissolved, by 0.1 N
potassium-dichromate in the presence of diphenylamine.
The reaction upon titration is
K 2C r 2°7 + 6 PeC12 * 4 H 2S04

^2^®4

Cr2 (SO^) g

4

6 FeClg 4

^ HgO

thus, 1 ml of 0.1 N K 2C r 20 ? is equivalent to 0.00697 gram Bi.
The initial green color of the solution deepened to a
blue-green shortly before the end of the titration and then
at the end point showed an intense blue-violet which remained
permanently.
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